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Abstract 
Longitudinal diagnostics of the electron bunch shapes play a crucial role in the operation of linac-based light sources. Electro-
optical techniques allow us to measure the longitudinal electron bunch profiles non-destructively on a shot-by-shot basis. Here 
we present results from measurements of electron bunches with a length of 200-900 fs rms at the Swiss FEL Injector Test 
Facility. All the measurements were done using an Yb-doped fibre laser system (with a central wavelength of a 1050 nm) and a 
GaP crystal. The technique of electro-optical spectral decoding (EOSD) was applied and showed great capabilities to measure 
bunch shapes down to around 370 fs rms. Measurements were performed for different electron energies to study the expected 
distortions of the measured bunch profile due to the energy-dependent widening of the electric field, which plays a role for low 
beam energies below and around 40 MeV. The studies provide valuable input for the design of the EOSD monitors for the 
compact linear accelerator FLUTE that is currently under commissioning at the Karslruhe Institute of Technology (KIT). 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Motivation 
FLUTE (Ferninfrarot Linac-Und Test-Experiment - farinfrared linac and test experiment) a linac-based light source 
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currently under construction at KIT is a dedicated accelerator R&D facility. The main R&D goals of FLUTE are to 
perform systematic bunch compression studies over a wide charge (1 pC – 3 nC) and bunch length (଩1 fs – 1 ps) 
range, and to generate THz radiation with high peak fields [1]. The main parameters are shown in Tab. 1. The wide 
range of bunch charges and lengths at the comparatively low energy of 41 MeV requires a sophisticated single-shot 
measurement system of online-diagnostics. Due to the limited available space and the wish for non-invasive online 
diagnostics, a bunch length monitoring system based on the electro-optical technique of spectral decoding (EOSD) 
is proposed. Electro-optical (EO) techniques have proven to be a versatile and reliable tool for bunch length 
measurements at linacs [2, 3] and have several advantages over the transverse deflectors, such as non-invasive 
measurements and compact setup in accelerator layout. We have gathered in-house experience with such a system at 
the ANKA storage ring [4]. As was shown previously [5] for a low energy electron beam, longitudinal bunch profile 
measurements using EO techniques lead to an overestimation of the actual bunch length. This is caused by the 
electron energy dependent opening angle of the bunch’s Coulomb field that passes the EO crystal during the 
experiment. The opening angle of the electric field of the bunch is dependent on the electron energy as 1/Ȗ due to 
Lorentz transformation that leads to a longitudinal contraction of the field [6, 7]. To experimentally study this effect, 
electro-optical bunch length measurements were performed at beam energies of 40 MeV and 200 MeV at the 
SwissFEL Injector Test Facility [8], PSI, Switzerland. The evaluation of the data gives valuable input for the design 
of the EO setups for FLUTE, which will operate at an end energy of around 41 MeV. 
Table 1. An example of a table. 
 Electron energy 41 MeV 
 Electron bunch charge 1 – 3000 pC 
 Electron bunch length (RMS) 1– 270 fs 
 Pulse repetition rate 10 Hz 
 Length 15 m 
2. Setup at PSI 
The experimental setup at PSI utilises an Yb-doped fibre laser system operating at 1050 nm central wavelength 
[9, 10]. This laser system was specifically developed for electro-optical bunch length measurements at SwissFEL. 
Various implementations of this system are in use at KIT [4], PSI and will also be used for the European XFEL. For 
our measurement setup the laser is placed out of the SwissFEL Injector Test Facility tunnel, then laser pulses are 
delivered to an electro-optical monitor (EO-monitor), that is located in the tunnel, via a long polarisation 
maintaining fibre. At the position of the EO-monitor, laser pulses are transported into  
Fig. 1. (a) Schematic of the experimental setup inside the vacuum chamber; (b) schematic of a near crossed polariser setup. 
the vacuum system of the accelerator where they are sent through a 2 mm thick GaP crystal (see Fig. 1 (a)). The EO. 
crystal is mounted on a movable arm in a way that the distance to the electron beam can be adjusted during the 
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experiment. The back surface of the crystal has a high reflective coating that reflects the laser pulse. Then it is 
coupled back into a fibre and transported to the experimental station outside of the tunnel for spectral analysis. To 
record the spectral information of the laser pulse we have used a 512x1-InGaAs photodiode array detector (iDus, 
Andor) that is capable of recording the spectrum of just a single laser pulse (min. exposure time of 1.4 ȝs). The 
delay between laser pulse and electron bunch can be adjusted in order to achieve the temporal overlap inside the EO 
crystal in steps of 188 fs (electronically with a vector modulator) in order to achieve full temporal overlap inside the 
EO crystal. 
3. Experimental results 
The underlying principle of EOSD is to modulate the electric field of the electron bunch on a single, stretched 
laser pulse and subsequently analyse this pulse to reconstruct the longitudinal bunch profile [11, 12]. In the presence 
of a strong electrical field, an electro-optically active crystal (GaP in our case) becomes birefringent which causes it 
to turn linearly polarised light into elliptically polarised light, given that the crystal orientation and laser polarisation 
are chosen accordingly. The EO material acts as a field-dependent phase retarder and thus causes a modulation of 
the polarisation, the so-called phase retardation. To achieve a close to linear relationship between electric field and 
laser intensity change we have chosen a near crossed polariser setup. The near crossed polariser scheme turns the 
phase retardation of the laser pulse into an easily detectable intensity modulation. To realise this scheme the 
following optical components (see Fig. 1 (b)) must be installed along the laser beam path [6, 13]. First, the laser 
pulse is sent through a polariser to validate the linear polarisation of the laser beam that reaches the EO crystal. 
Then, in a presence of the electric field, the EO crystal turns the linear polarisation of the laser pulse elliptical. The 
quarter-wave plate (QWP) placed after the crystal is used to compensate any intrinsic birefringence of the crystal. 
Between the quarter-wave plate and the crossed polariser a half-wave plate (HWP) is introduced to rotate the 
polarisation by a small angle with respect to the crossed polariser. The laser pulse receives a chirp when stretching 
it, introducing a correlation between time and wavelength inside the pulse.  
 
Fig. 2. (a) Comparison of a bunch profile recorded with EOSD and bunch profile measured with TDC; (b) Measurement of bunch profiles using 
EOSD and a TDC for various electron bunch compressions at a beam energy 200 MeV. 
Thus by detecting the spectral modulation of the laser pulse with a single-shot spectrometer, the longitudinal 
bunch profile can be extracted after a calibration measurement for the wavelength-to-time relation is made by a step-
wise delay scan of the laser. For further evaluation of the data, a series of background measurements are taken – 
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with no laser signal on the spectrometer, as well as a series of unmodulated laser spectra (laser goes to spectrometer, 
but delay between laser pulse and electron bunch is set in a way that they don’t have a temporal overlap inside the 
crystal and birefringence is not induced), then the average spectrum for a series is calculated. After the reference 
data is taken the delay between the electric field and the laser pulse is set up to achieve a full temporal overlap inside 
the EO crystal and the modulated spectra are recorded. To obtain the relative modulation, first the background is 
subtracted from the modulated and unmodulated spectra, then the modulated spectra are divided by the average 
unmodulated spectrum. In Fig. 2 (a) the results for EOSD measurements are shown together with the transverse 
deflecting cavity (TDC) measurement. TDC utilises a transverse electromagnetic field to introduce a vertical kick to 
the particles in the bunch, the kick direction and strength are dependent on the arrival time of the particles in respect 
to the phase of TDC field [8]. The distance from the crystal to the electron beam is chosen to be 1 mm. The half-
wave plate is set to a 3.2° angle away from the crossed polariser settings. The Bunch charge was 100 pC and the 
electron beam energy was 200 MeV. The relative modulation is depicted for the EOSD signal, the amplitude of the 
TDC signal is corrected for a better visibility. The bunch length considered for the data set of a 100 consecutive 
shots equals to 660 fs RMS with a standard deviation of 34 fs. The average EOSD bunch profile is depicted together 
with a single shot EOSD profile. 
 
 
Fig. 3. Measured and simulated RMS bunch length dependence on crystal to electron beam distance for beam energies of 40 MeV and 200 MeV. 
  
Figure 2 (b), shows the measurement results for different settings of the bunch compressor. For the specified 
settings of the bunch compressor, each point represents the rms electron bunch length reconstructed from EOSD 
measurements (value at y-axis) and is shown together with the rms bunch length measured with the TDC structure 
(value at x-axis); the blue line represents equation y=x and depicted for better visibility of a differences in 
measurement with different techniques. Each measured EOSD bunch length is taken as a result of a Gaussian fit for 
the averaged bunch profile over 300 single shot profiles. For this measurement set the bunch charge was 100 pC. 
The electron beam energy was set to 40 MeV. The distance between EO crystal and electron beam was set to 1 mm. 
The EOSD measurement shows good correspondence to the TDC measurement for an electron bunch length longer 
than 370 fs rms. Moving to a shorter bunch length, the TDC structure is still capable of measuring the bunch length 
while the EOSD system does not measure any shorter than 360-370 fs. This limit for EOSD measurement can be 
explained by a group velocity dispersion of a laser pulse [14] and can be overtaken using thinner crystal for 
measurements. 
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Figure 3 shows the dependence of the bunch length on the relative crystal position to the electron beam. Two data sets 
presented on the plot, one for 40 MeV electron beam (depicted in red), second one for 200 MeV electron beam (depicted 
in blue). Each measurement point is an RMS bunch length (Gaussian fit for 500 consecutive shots). Simulations were 
made using a Matlab based code [5]. Both data sets show an increase of the measured RMS bunch length with an 
increasing crystal to electron beam distance. For distances higher than 5 mm, experimental data shows disagreement with 
a simulation. This is explained by the fact, that relative modulation drops with an increasing distance, that leads to 
lower signal to noise ratio for higher distances, that means that Gaussian fit of the peak becomes more sensitive to 
the noise that leads to the widening of a signal. 
 
Fig. 4. 7 consecutive single shot EOSD measurements. For better comparison they are aligned horizontally to neglect arrival time fluctuations and 
displaced vertically  
 
Figure 4 shows how well the measurements with EOSD are reproduced for fixed settings of the electron beam 
compressor. 7 single shot EOSD profiles are plotted together with their Gaussian fits, the rms bunch length is 780 fs, 
and the standard deviation for the whole data set is 68 fs. Single shots are displaced vertically for a better visibility 
and aligned by the arrival time. 
4. Summary 
Using the experimental setup at SwissFEL ITF we have measured electron bunch profiles using the EOSD 
technique. As was shown, the tested EOSD setup is not capable to reconstruct a real bunch profile for a bunch length 
below 370 fs. rms. However, the described system demonstrated a good agreement with a TDC structure for a 
higher bunch length. Measurements for a 40 MeV beam energy have a special interest to examine the behaviour of 
the EOSD system for the future operation at FLUTE. 
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